The response of the mesospheric migrating diurnal (DW1) tide to the Madden-Julian oscillation (MJO) is investigated for the first time using a simulation from the Specified-Dynamic Whole Atmosphere Community Climate Model (SD-WACCM), which is driven by reanalysis data. Analysis shows that a significant connection exists between the MJO and the mesospheric DW1 tidal amplitude. During MJO phases 2 and 3, the convection anomalies are associated with enhancement in both the solar insolation absorption and latent heat release in the equatorial troposphere; these in turn lead to stronger DW1 forcing. Conversely, the forcing of DW1 by solar and latent heating in the troposphere is weaker during MJO phase 8. The difference of the tidal amplitude during the opposite MJO phases from the boreal winter mean state is~15-20%. The parameterized gravity wave variations are found to have a significant impact on the DW1 tidal response in some phases of the MJO.
Introduction
The migrating diurnal tide is a strong westward traveling zonal wave number 1, hereafter denoted DW1 (e.g., Chapman & Lindzen, 1970) . DW1 is the most prominent motion in the equatorial mesosphere and lower thermosphere (MLT; Hays et al., 1994; Liu et al., 2010; Liu & Hagan, 1998; Lu et al., 2009; Walterscheid, 1981a) . It is primarily excited by the absorption of solar radiation in the troposphere and stratosphere and latent heat release in the troposphere. The tide propagates upward and reaches large amplitude in the MLT. Periodic and irregular variations of the MLT diurnal amplitude have time scales ranging from days to years. (e.g., Burrage et al., 1995 , Nakamura et al., 1997 . However, the mechanisms for tidal variability have not been definitively established.
In this study, we focus on the magnitude and mechanism for tidal variability due to one specific quasiperiodic phenomenon: the MJO (Madden & Julian, 1994) . As the dominant mode of intraseasonal oscillation (ISO) in the tropical troposphere, the MJO is characterized by the eastward migration of the large-scale convective systems in the tropical troposphere with the dominant period of 30-80 days (Zhang, 2005) . The MJO has far-reaching impacts, affecting the global troposphere and stratosphere. Eckermann and Vincent (1994) first reported ISO of the zonal wind in the equatorial MLT from medium-frequency radar observations. Intraseasonal variability in the equatorial mesosphere has also been reported by Liebermann (1998) , Pancheva et al. (2003) , Sridharan et al. (2007) , and Guharay et al. (2012) . Since the ISO seen in the MLT region has a similar period to the MJO, a possible relation between these ISO variations has been suggested (Eckermann et al., 1997; Moss et al., 2016; Yang et al., 2017) . As suggested by Garcia (2000) , Isoda et al. (2004) , and Kumar et al. (2007) , MJO-related convective anomalies are considered to be related to the ISO variabilities in nonmigrating tides. However, the possible influence of MJO on the migrating tides has not been established.
The possible ways that MJO convection changes could affect the MLT DW1 tide can be grouped in three general categories: variations in the heating that forces the tide, variations in waves with which the tide interacts, and variations in background propagation conditions. The MJO impact on tropical convection contributes to forcing of tides and also to forcing of mesoscale gravity waves (GWs) and other waves that can interact with the tide. Far-reaching impacts of the MJO on the global atmosphere could cause subtle changes in the propagation conditions (Riggin & Lieberman, 2013) . In this study we focus on the response of the DW1 tide to anomalies in heating in the troposphere and in the damping by GWs in the MLT. The tides, background dynamical conditions, and other waves are strongly interactive, so it may not always be possible to point to a single mechanism.
Key tropospheric drivers for vertically propagating diurnal tides are the forcing from solar heating and from latent heat release due to deep convection (Hagan, 1996; Lieberman et al., 2007) . The MJO-related radiative/convective anomalies modulate both of these heating processes and therefore can affect the generation of the vertically propagating diurnal tides. The perturbations in the convective heating also impact the excitation of vertically propagating GWs (e.g., Mote et al., 2000) , which then interact with and accelerate or damp the diurnal tide in the upper atmosphere (Lieberman et al., 2003) .
We investigate the influence of the MJO on the DW1 tide in the equatorial mesosphere using output from the Specified-Dynamics (SD) Whole Atmosphere Community Climate Model (WACCM), which is nudged by the Modeling and Assimilation Office Modern-Era Retrospective Analysis for Research and Applications (Rienecker et al., 2011) reanalysis data in the troposphere and stratosphere. The fundamental novelty of our analysis is to sort the simulation by the phase of the MJO defined by the Real Multivariate MJO (RMM) indices (Wheeler & Hendon, 2004) . To our knowledge, this is the first time the effect of the MJO on DW1 tide in the mesosphere has been investigated in a general circulation model. Finally, we propose and provide evidence for a mechanism for how the MJO modulates the mesospheric DW1 tide.
Data and Methods
WACCM is the high-top atmosphere component of the Community Earth System Model (CESM), which is a fully coupled chemistry-climate model (Garcia et al., 2007; Hurrell et al., 2013; Marsh et al., 2013) . In this study, we used data from a simulation of the SD version of the WACCM (SD-WACCM), version 4, to investigate the response of middle atmosphere to MJO. The vertical range of SD-WACCM extends from the surface up to 140 km. SD-WACCM is nudged to meteorological fields from Modern-Era Retrospective Analysis for Research and Applications reanalysis data in the troposphere and stratosphere (from the surface to 1 hPa) and is free running in the MLT (above 0.3 hPa) (Kunz et al., 2011) . Smith et al. (2017) provide details about the dynamical constraints in SD-WACCM and their impact on simulating the mesosphere. With the relaxation, the MJO characteristics and the responses to it in the troposphere and stratosphere in SD-WACCM follow those in the reanalysis meteorological fields. This setup allows us to investigate the physical processes involved in the response of the mesosphere to observed MJO events. The simulated diurnal tide in WACCM4 compares favorably with observations (Davis et al., 2013; Lu et al., 2011) . Standard WACCM output includes complete diurnal tidal information for temperature, both components of horizontal wind, and heating processes. In the simulation analyzed here, we also have output of the diurnal components of parameterized GW drag.
In this study, the MJO events are identified by the value of the RMM index (available at http://www.bom.gov. au/climate/mjo/graphics/rmm.74toRealtime.txt) using the methods of Wheeler and Hendon (2004) . According to the amplitude and phase information obtained from RMM1 and RMM2, MJO events are divided into eight active phases, which indicate the location of the convective activity. MJO P2 and P3 are generally characterized by enhanced convection over the Indian Ocean, which is roughly the opposite to that of MJO P8. Since the MJO variations are strongest during the boreal winter, events that occurred during December-January-February (DJF) were used to construct the composites of the MJO. The "active MJO days" were identified as those for which the MJO amplitude exceeds 1.5 for more than five consecutive days (as in Yoo et al., 2012) . Results remain similar when the threshold is varied within the range of 1.0-2.0.
We first calculate the daily DW1 amplitude for temperature and horizontal winds for all latitudes and pressure levels. Then we calculate the DJF mean tidal amplitudes for each of the 35 years of the simulation. The intraseasonal period is isolated in the daily amplitude data by applying a 10-100 day band-pass filter. The anomalies in the filtered data are then determined on a daily basis as the difference of the daily amplitude from the seasonal mean amplitude. For days that correspond to an active MJO period, the anomalies are composited by binning together all cases having the same MJO phase. The anomalies are presented as percent differences from the seasonal mean. By excluding the mean state of each year from the composite, the influence of interannual variation is minimized.
A Monte Carlo test was used to evaluate the statistical significance of the composite for the MJO. A normalized time series which follows normal distribution in this analysis was generated randomly with the same span as the analyzed data. The composite for each MJO phase was computed using this series according to the active MJO days selected. By performing the Monte Carlo procedure 5,000 times, we produced 5,000 composite values for that MJO phase; the composite value for a certain MJO phase is compared with the values from the 5,000 calculations to determine the statistical significance.
Results
As presented in Figure 1a , the climatological mean amplitude of DJF-mean DW1 temperature (T) is strongest (~8 K) in the equatorial mesopause region (results are presented on a log pressure scale where z = À7 log (p/ 1,000)). The maximum amplitude for the DW1 zonal wind (U) (~10-15 m/s) is located at the southern subtropical (10°S-30°S) upper mesosphere (Figure 1b) . The DW1 U amplitude in the northern subtropical region is weaker than that in the southern subtropics. Like the DW1 U, the DW1 meridional wind (V) amplitude is largest (~30 m/s) in the southern subtropical upper mesosphere (Figure 1c ). Figure 1d shows the anomaly for each MJO phase as a percentage of the DJF-mean DW1 T amplitudes in the equatorial (10°S-10°N) mesosphere. The anomalous DW1 T amplitude is significantly enhanced through the entire equatorial mesosphere during MJO phase 1 (hereafter P1 and so on) through MJO P4 with a maximum of~10% larger than the DJF mean state. The anomalous amplitude is negative during MJO P5 through P8 with a minimum of~À5% during MJO P8. The percentage difference between opposite MJO phases (P2, P3, and P8) reaches~15-20%.
In the southern subtropical mesosphere, the amplitudes of both DW1 U and DW1 V (Figures 1e and 1f) are strengthened during MJO P1 to P4 and are suppressed during P5 to P8, which further confirms the relation between mesospheric DW1 tide and the MJO. The anomalous amplitudes of DW1 U and V in the northern hemisphere suggest similar variations during different MJO phases (strengthened during MJO P1-P4 and suppressed during P5-P8), although the magnitudes are weaker (not shown). Thus, a statistically significant connection is found between the MJO and the mesospheric DW1 amplitude variations. The enhanced DW1 amplitudes are most significant during MJO P2 and P3, while the suppressed amplitudes are most significant during MJO P8. In the remainder of this study, the anomalies in MJO P2 and P3 and those in MJO P8 are examined to investigate the processes involved in the MJO link to the mesospheric DW1 tide.
During MJO P2 and P3, the positive anomalous DW1 T amplitudes extend from 50 to 100 km in the equatorial mesosphere with a maximum of~1 K located in the upper part of this range (80-100 km; Figure 2a ). Although the magnitude is weaker, there are also significant positive anomalous DW1 T amplitudes in the subtropical (10°S-30°S, 10°N-30°N ) upper mesosphere. The positive anomalies of the DW1 U amplitudes are significant in the subtropical upper mesosphere of both hemispheres and the equatorial mesosphere at~80 km (Figure 2  b) . The anomaly signals of both T and U in the subtropics are roughly symmetric about the equator abovẽ 80 km. Below there, the signals are weaker and show a hemispheric asymmetry. During MJO P8, the most significant negative anomalies of DW1 T amplitude are located in the tropical upper mesosphere (80-100 km) while those of DW1 U are located in the subtropics. The anomalies in MJO P8 are much weaker and less significant than those in MJO P2 and P3.
As noted earlier, the heating due to the solar insolation (SH) absorption by water vapor and latent heat (LH) release owing to deep convection are the main tropospheric sources for the vertically propagating diurnal 10.1029/2018GL077956
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tides (Hagan & Forbes, 2002) . Both the distribution (in longitude/latitude/pressure) and the overall magnitude of these heating sources are modulated on an intraseasonal time scale by the MJO-related anomalous convective activities. Thus, the MJO-related perturbations in the tropospheric heating source are examined to explore the possible mechanism linking the MJO with the mesospheric DW1 tide.
We first illustrate changes in the zonal mean heating components. The LH release in the equatorial troposphere is significantly enhanced during MJO P2 and P3 (Figure 3a ) because of enhanced convection over the Indian Ocean (Wheeler & Hendon, 2004 ). The increased moisture over the enhanced deep convection during the same MJO phases leads to stronger SH absorption by water vapor in the middle and upper equatorial troposphere (5-13 km, 10°S-10°N). In the subtropical regions (~10°-25°S and~10°-25°N), the negative zonal mean LH anomalies are associated with the MJO signature of suppressed convection there (e.g., Higgins et al., 2000 , Matthews & Meredith, 2004 .
The DW1 components of the SH and LH are determined by the projection of these heating terms onto a sinusoidal form in local time. It is this diurnal variation that excites the tide seen in dynamical variables. Using the same analysis technique as used for the dynamical tides, we calculate the anomalies to the heating tidal components. The DW1 components of SH and LH are combined taking into account both 
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Geophysical Research Letters amplitude and phase information. The DW1 total heating (the sum of LH and SH heating amplitudes; Q hereafter) is the net diurnally varying component of the heating. Figure 3b shows the anomalous DW1 Q amplitude during MJO P2 and P3. The tidal forcing anomalies have a distribution in latitude and altitude that basically agrees with the zonal mean LH and SH anomalies. For both mean and tidal fields, there are significant positive anomalies in the middle and upper equatorial troposphere and weaker negative anomalies in the subtropical regions.
The anomalies of DW1 T amplitude (Figures 3b and 3c ) indicate significant enhancement (~10% as compared to the DJF-mean) in the upper troposphere and lower stratosphere (~10-15 km; UTLS), likely a result of the stronger DW1 heating amplitudes (~7%) in the upper troposphere. The magnitude of the positive anomalous DW1 T amplitude in the mesosphere (Figure 1d ) during MJO P2 and P3 corresponds well to the 10% increase in the T amplitude in the UTLS and suggests vertical propagation of the perturbations in the DW1 tidal amplitude from the troposphere into the MLT region.
During MJO P8, the anomalous zonal mean LH in the equatorial troposphere is negative (indicating overall suppressed convective activity), which is opposite to that during P2 and P3 (Figure 3d ). Both the zonal mean LH and SH heating decrease in the middle to upper equatorial troposphere, although the anomalies are less significant near the equator and only marginally significant in the subtropics. Consistent with the reduced mean heating source (~À5% as compared to the DJF-mean), the anomalous DW1 Q amplitudes are significantly negative in the middle to upper (5-15 km) equatorial troposphere during MJO P8 (Figures 3e and 3f ). This in turn leads to suppressed DW1 T amplitudes (~À6%) in the equatorial UTLS; the magnitude and sign are consistent with the anomalous DW1 tidal amplitude (~À5%) in the MLT. 
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The results presented so far have shown that the MJO signal in DW1 tidal fields in the mesosphere is closely linked to the signal in heating in the equatorial upper troposphere. As noted in section 1, other factors besides tropospheric heating also contribute to tidal variability. One important factor is modulation and/or damping by interaction with GWs. GWs are the primary driver of dynamical activity in the MLT and have important impacts on tidal amplitude and phase (e.g., Li et al., 2009; Lu et al., 2012; Liu et al., 2013; McLandress, 1998 McLandress, , 2002 Ortland & Alexander, 2006; Walterscheid, 1981b) . The effects of GW forcing on the tide are still uncertain due to limited observations and the difficulty of model simulations that fully resolves both tides and GWs.
In WACCM, the impact of GWs is represented by a parameterization. The sources of the parameterized waves in the troposphere are interactive and, in the tropics, are primarily triggered by convection (Beres et al., 2005) . As a result of this interactive source, the WACCM GW drag will vary with the MJO as the location and magnitude of convective regions shift. Away from the tropospheric source, the GW drag responds strongly to the winds, including tidal winds. As noted above, we can determine the diurnal variation of the parameterized 
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Geophysical Research Letters drag from convectively generated GW in the WACCM simulations. We focus on the zonal component of GW drag since it is generally much larger than the meridional component.
For the boreal winter, the amplitude of the DW1 zonal GW drag generated by convection has a significant hemispheric asymmetry: the magnitude is much larger in the Southern Hemisphere than in the Northern Hemisphere (Figure 4a ). The DW1 tidal zonal wind can be written as U 0 = A*cos(ω*(t À φ) À sλ), where A and φ are the amplitude and phase of DW1 tide, λ is longitude, and ω (ω = 2π/24) and s (s = 2π/360) are frequency and zonal wave number of DW1. The time tendency can be written as
The phase of the time tendency of the DW1 tide leads the tide itself by 6 hr. To evaluate the effect of GW forcing on the DW1 tide during DJF, the phase relationship (Δφ) between zonal components of the GW drag and time tendency of tidal wind is calculated as
where the φ GW and φ U are the phase of DW1 GW drag and DW1 U, respectively. When the DW1 GW drag is in phase with that of time tendency of the DW1 tide, the Δφ would be positive and the GW drag enhances the tide; if Δφ is negative, the GW drag damps the tide. The effect of the GW forcing on the DW1 U is evaluated by calculating the DW1 GW drag amplitude weighted by Δφ. During DJF, the DW1 GW forcing of the DW1 tide is positive in the southern subtropical upper mesosphere and negative below there (60-80 km) (Figure 4b ). The GW forcing on the DW1 tide in the northern subtropics is much weaker except for an indication of tidal damping at~10°N, 90-100 km. During MJO P2 and P3, the DW1 GW forcing that enhances the tidal amplitude is significantly enhanced in the southern subtropical and equatorial mesosphere at~80-90 km (Figure 4c ). This forcing by the GW is consistent with the enhanced DW1 tidal amplitude (Figure 2b ). Figure 4c suggests that the GW drag also plays a role in modulating the mesospheric DW1 tides. However, the anomalous GW forcing in MJO P8 are much weaker and marginally significant (Figure 4d ).
Although the parameterized GWs are triggered by convection, it is difficult to find a straightforward causal link between the tropospheric changes due to the MJO and the changes to the tidal forcing by GW in the mesosphere. The GW forcing in the MLT depends not only on the generation of waves in the troposphere but also on the evolution associated with winds in the intervening layers between the troposphere and the upper mesosphere, which affect both the upward GW momentum flux and the phase relationship between GW drag and the DW1 tide. What is evident, however, from the analysis of this WACCM simulation is that the perturbations to the tidal amplitude can come from both perturbations to the tidal generation in the troposphere and from perturbations to the GW-tidal interactions in the upper mesosphere.
Conclusions
A reanalysis-nudged simulation from SD-WACCM is used to investigate the MJO effects on the mesospheric DW1 tides. A significant connection is revealed between the MJO and the mesospheric DW1 tidal amplitude in temperature, zonal wind, and meridional wind. The percentage anomalies in the mesospheric DW1 tidal amplitude during opposite MJO phases (MJO P2 and P3 versus P8) are~15-20%. The DW1 tidal amplitudes of T in the equatorial mesosphere and the amplitudes of U and V in the southern subtropical mesosphere are significantly enhanced during MJO P1 to P3 periods, when MJO-related convection is enhanced over the Indian Ocean. The convection changes lead to perturbations in both the zonal mean solar insolation heating and latent heat release in the equatorial troposphere and to perturbations in the DW1 tidal amplitude in the upper troposphere. The perturbation of DW1 tidal amplitude in the troposphere propagates into the mesosphere and have a direct effect on the DW1 tidal amplitude there.
During MJO P2 and P3, the GW also play an important role in modulating the DW1 tide in the southern subtropical mesosphere. The parameterized GW in WACCM are triggered by convection in the troposphere and therefore vary depending on the MJO phase. The extent of enhancement or dissipation of the mesospheric tide by the GW parameterization also varies with the MJO, although it is not possible to trace the perturbations continually through the middle atmosphere. The stronger momentum deposition from more DW1 GW forcing in the upper mesosphere during MJO P2 and P3 contributes to the enhancement of the DW1 tide during those events. The anomalies of GW forcing during MJO P8 are not significant.
